Introduction {#sec1}
============

To further enhance the power conversion efficiency (PCE) of solar cells, it is necessary to explore the photovoltaic mechanism such as the carrier transport,^[@ref1]−[@ref3]^ density of trap state (DOS~T~) distribution,^[@ref4]−[@ref7]^ carrier recombination,^[@ref5]−[@ref12]^ ion migration,^[@ref13]−[@ref17]^ and so on.

The DOS~T~ distribution is a crucial topic in the study of solar cells. It affects the carrier recombination^[@ref18]−[@ref20]^ and the open-circuit voltage,^[@ref21]−[@ref23]^ and hinders the PCE enhancement of solar cells.^[@ref24]−[@ref27]^ There are few advances in the method study of the DOS~T~ distribution extraction.^[@ref28]−[@ref43]^ The space charge-limited current (SCLC) method^[@ref28]−[@ref33]^ is used to determine the DOS~T~ distribution based on the measured current density--voltage data at different temperatures. The chemical capacitance model^[@ref34]−[@ref36]^ is widely used to investigate the DOS~T~ distribution, which can be measured by the technique of impedance spectrum (IS)^[@ref37]^ and time-resolved charge extraction (TRCE).^[@ref42],[@ref43]^ This model is adopted to study various photovoltage systems such as dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs), and so on,^[@ref42]−[@ref48]^ which is widely accepted. Walter et al.^[@ref37]^ put forward the extraction method of DOS~T~ distribution based on the IS experiment result. Using the chemical capacitance model,^[@ref37]^ they regard the trapping and detrapping of carriers by trap states as the charging and discharging of chemical capacitance *C*(ω), where ω is the angular frequency of the ac signal.^[@ref37]^ They present the formula DOS~T~ (*E*~ω~) = (*U*~bi~/*eL*)(d*C*/dω)(ω/*k*~B~) to calculate the DOS~T~ distribution.^[@ref37]^ Here, *U*~bi~ denotes the built-in electric voltage. *e* denotes the elementary charge. *L* denotes the depletion width. *k*~B~ denotes the Boltzmann constant. *E*~ω~ = *k*~B~*T *ln(ω~0~/ω), where *T* denotes the ambient temperature and ω~0~ denotes the attempt-to-escape frequency.^[@ref37]−[@ref41]^ Wang et al.^[@ref42],[@ref43]^ reported the DOS~T~ distribution extraction technique based on the TRCE experiment result. They use the formula DOS~T~ = *C*~μ~/*edS*(1 -- *p*) to calculate the DOS~T~ distribution according to the capacitance model.^[@ref42]−[@ref45]^ Here, *C*~μ~ denotes the chemical capacitance, *d* denotes the film thickness, *S* denotes the effective area of the photoanode, and *p* denotes the porosity of TiO~2~ layer.^[@ref42]−[@ref45]^

The method given by Wang et al. is a simple approach for the extraction of DOS~T~ distribution. However, there are some shortcomings in their method. (i) The result extracted by their method is the plot of DOS~T~ distribution versus photovoltage,^[@ref42],[@ref43]^ not the relation of DOS~T~ and energy level (DOS~T~ distribution). (ii) The formula DOS~T~ = *C*~μ~/*edS*(1 -- *p*) is put forward from the qualitative physics picture, not based on the strict derivation.^[@ref45]^ Therefore, there is no certainty that this formula is accurate. In other words, we are not sure that the DOS~T~ distribution extracted by their method is accurate. In this paper, we overcome these shortcomings. Based on the chemical capacitance model, we put forward a new technique for calculating DOS~T~ distribution based on the TRCE experiment by strict derivation.

Results and Discussion {#sec2}
======================

Theory and Method {#sec2.1}
-----------------

In this section, we establish the method for extracting the DOS~T~ distribution based on the TRCE measurement result.

According to the chemical capacitance model,^[@ref42]−[@ref45]^ the chemical capacitance is contributed by the electrons in the trap states and conductor band, which satisfies^[@ref46]−[@ref48]^Here, , denote the capacitances contributed by the electrons in the trap states and conductor band, respectively. *n*~t~ is the density of trapped electrons and *n*~c~ is the carrier density in the conductor band. *E*~Fn~ denotes the electron quasi-Fermi energy level.

Therefore, we haveFor the TRCE experiment, because of the illumination of pulse, the number of extracted electrons from traps is much more than that in the conductor band (*n*~t~ ≫ *n*~c~).^[@ref42],[@ref43]^ Therefore, we can rewrite [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} as

The density of trapped electrons *n*~t~ satisfies^[@ref42],[@ref43]^Here, ρ~t~(*E*) denotes the DOS~T~ distribution. *f*(*E*) denotes the Fermi--Dirac distribution of electrons at the corresponding energy level *E*, which satisfies^[@ref42],[@ref43]^Therefore, we haveSubstituting [formula [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} into [formula [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, we haveWe rewrite [formula [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} asSubstituting [formula [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} into the [formula [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, we haveWe rewrite [formula [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} asThe TRCE experiment result shows that the equivalent chemical capacitance is a function of the photovoltage.^[@ref42],[@ref43]^ Therefore, we rewrite [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} asSubstituting [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} into [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, we haveWe rewrite [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} asBy defining a probability derivation factorwe rewrite [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} as[Equation [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"} is the fundamental equation of our method. Here, *C*~μ~(*V*~ph~) can be obtained by the TRCE measurement.^[@ref42],[@ref43]^ Using the absorbance spectrum, Kelvin probe (KP), ultraviolet photoemission spectroscopy (UPS), and X-ray photoelectron spectroscopy (XPS), we get the band gap *E*~g~ and energy-level position of conductor band *E*~c~, Fermi energy-level *E*~F0~, and valence band *E*~v~.^[@ref28]^ The left-hand side of [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"} is the convolution integral of the DOS~T~ distribution and the probability derivation factor. We can get the DOS~T~ distribution by deconvolution. We solve [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"} for the DOS~T~ distribution adopting the numerical deconvolution (\[*q*, *r*\] = deconv(*u*, *v*)) of MATLAB.

Compared to the formula DOS~T~ = *C*~μ~/*edS*(1 -- *p*) in the method given by Wang et al.,^[@ref42]^[eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"} is put forward based on the strict derivation. Therefore, it is more accurate and reliable to extract the DOS~T~ distribution using our method than the method reported by Wang et al. Our numerical method is effective for the photovoltage system that can be measured by the TRCE experiment. Because the TRCE measurement technique is effective for various photovoltage systems such as DSSCs,^[@ref42],[@ref43]^ PSCs,^[@ref44]^ and so on, our numerical method is effective for these solar cells. The type of trap states extracted by our numerical method consists of bulk traps, interface traps, and surface traps.^[@ref46]−[@ref48]^ The bulk traps and surface traps are almost contributed by the active layer of the device. The interface traps are contributed by the interfaces of device.^[@ref46]−[@ref48]^ We can specify the shallow traps and deep traps from the extracted DOS~T~ distribution.

Exponential-type DOS~T~ Distribution {#sec2.2}
------------------------------------

We investigate the exponential-type DOS~T~ distribution. The exponential-type distribution satisfies the formula^[@ref42],[@ref43]^Here, *E*~B~ denotes the characteristic energy. *N*~T~ denotes the total density of the trapped state.^[@ref42],[@ref43]^ Substituting [formula [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"} into [formula [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, taking zero-temperature approximation,^[@ref42],[@ref43]^ we haveTherefore, we haveAccording to the relation *E*~Fn~ = *E*~Fp~ + *V*~ph~*e*,^[@ref43]^ we haveSubstituting [formula [19](#eq19){ref-type="disp-formula"}](#eq19){ref-type="disp-formula"} into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, we haveWe rewrite [formula [20](#eq20){ref-type="disp-formula"}](#eq20){ref-type="disp-formula"} as[Equation [21](#eq21){ref-type="disp-formula"}](#eq21){ref-type="disp-formula"} satisfies the linear mathematical formwhere *a* = *e*/*E*~B~, *b* = (*E*~Fp~ -- *E*~c~)/*E*~B~ + ln(*e*^2^*N*~T~/*E*~B~).

For the intrinsic perovskite, the quasi-Fermi energy level satisfies *E*~Fn~ = *E*~F0~ + *V*~ph~*e*/2.^[@ref43]^ We havewhich satisfies the linear mathematical form *lnC*~μ~ = *aV*~ph~+*b*. Here, *a* = *e*/2*E*~B~, *b* = (*E*~F0~ -- *E*~c~)/*E*~B~ + ln(*e*^2^*N*~T~/*E*~B~).

Therefore, by strict derivation, we prove that for the exponential-type DOS~T~ distribution, the logarithm of chemical capacitance is proportional to the photovoltage (TRCE result). We call it the exponential-type distribution theorem in this paper. Similarly, we also prove the inverse theorem based on strict derivation. Details of the proof are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02800/suppl_file/ao0c02800_si_001.pdf). We can use the inverse theorem to extract the DOS~T~ distribution when the TRCE result is linear. We call this method the analytic method below.

To verify the validity of our numerical method, we use both the analytic method and our numerical method to extract the DOS~T~ distribution and make a comparison. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c, we set *b* = 0.1 and *a* as 19, 12, and 8.2, respectively. We use the analytic method to calculate *E*~B~ from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c (shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Using our numerical method reported in this article, we extract the DOS~T~ distributions from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c, respectively (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--f). To compare with the result extracted by the analytic method, we use the exponential fitting (*f*(*E*) = *c*  exp(d*E*)) to obtain *E*~B~ (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). It can be seen from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} that *E*~B~ obtained by our numerical method is in line with *E*~B~ calculated by the analytic method, indicating that the numerical algorithm to do the deconvolution in our calculation is reliable. The slight deviation of *E*~B~ obtained by the two methods is explained as follows: the analytic method is derived based on the zero-temperature approximation, exponential-type DOS~T~ distribution, and the chemical capacitance model.^[@ref42],[@ref43]^ Our numerical method is derived based on the chemical capacitance model.^[@ref42],[@ref43]^ Therefore, the slight deviation of *E*~B~ calculated by the two methods is caused by the zero-temperature approximation and the error of exponential fitting.

![(a--c) Plots of chemical capacitance versus photovoltage. We set *b* = 0.1 and the slope parameter *a* as 19, 12, and 8.2, respectively. (d--f) DOS~T~ distributions extracted from (a--c), respectively.](ao0c02800_0002){#fig1}

###### Fitting and Distribution Coefficients Obtained from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}

  coefficients                     example 1          example 2            example 3
  -------------------------------- ------------------ -------------------- ------------------
  **Chosen Parameters**                                                    
  *a*                              19                 12                   8.2
  *b*                              0.1                0.1                  0.1
  **Exponential Fitting**                                                  
  *c*                              1.705 × 10^33^     2.692 × 10^29^       2.226 × 10^27^
  *d*                              --2.613 × 10^20^   *--*1.645 × 10^20^   --1.114 × 10^20^
  **Calculation Result**                                                   
  *E*~B~ (analytic method, meV)    26.3               41.6                 60.9
  *E*~B~ (numerical method, meV)   23.9               37.9                 56.0

Non-Exponential-Type DOS~T~ Distribution {#sec2.3}
----------------------------------------

We explore the non-exponential-type DOS~T~ distribution. The exponential-type distribution theorem can be expressed equivalently as when the TRCE result is nonlinear, the extracted DOS~T~ distribution is non-exponential-type (converse-negative proposition of the exponential-type distribution theorem). Because the analytic method is derived based on the hypothesis of the exponential-type DOS~T~ distribution, the analytic method is effective for the DOS~T~ distribution extraction only when the TRCE result is linear. When the TRCE result is nonlinear, we cannot use the analytic method to extract the DOS~T~ distribution. The numerical method given in our work is effective for arbitrary TRCE results and can be used to extract the general-type DOS~T~ distribution. We take the TRCE data in ref ([@ref42]) as an example. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the TRCE result for DSSCs. The TRCE data is obtained from ref ([@ref42]) using Engauge Digitizer software. It can be seen from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} that the TRCE result is nonlinear.

![TRCE result for DSSCs given by the TRCE measurement. The TRCE data is obtained from ref ([@ref42]) using Engauge Digitizer software.](ao0c02800_0003){#fig2}

For the DOS~T~ distribution extraction of DSSCs, we use the redox energy level of electrolyte *E*~redox~ to replace the hole quasi-Fermi energy level *E*~Fp~.^[@ref42]^ As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, using our numerical method, we extract the DOS~T~ distribution from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. It can be seen that the extracted DOS~T~ distribution is non-exponential-type, which significantly deviates the exponential fitting.

![DOS~T~ distribution extracted by our numerical method. The black dots represent the extracted DOS~T~ distribution and the black solid line represents the exponential fitting of the extracted DOS~T~ distribution.](ao0c02800_0004){#fig3}

Example of DOS~T~ Distribution Extraction {#sec2.4}
-----------------------------------------

We take the TRCE data in ref ([@ref43]) as an example for further investigation. The TRCE results for DSSCs with small, middle, and large sizes of TiO~2~ nanoparticles are obtained by Engauge Digitizer software shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--c, respectively. Using our numerical method reported in this article, we extract the DOS~T~ distributions from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--c, respectively (black dots in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d--f). We perform exponential-type fittings for the extracted DOS~T~ distributions (black solid lines in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d--f) and obtain the characteristic energies (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). It can be seen that the characteristic energy decreases with increasing TiO~2~ nanoparticle size. This is consistent with the result extracted by the TPV method reported by Wang et al.^[@ref43]^

![(a--c) TRCE results for DSSCs with small, middle, and large sizes of TiO~2~ nanoparticles, respectively. The TRCE data is obtained from ref ([@ref43]) using Engauge Digitizer software. (d--f) DOS~T~ distributions extracted from (a--c), respectively.](ao0c02800_0005){#fig4}

###### Fitting and Distribution Coefficients Calculated from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}

  coefficients                     small size         middle size        large size
  -------------------------------- ------------------ ------------------ ------------------
  **Exponential Fitting**                                                
  *c*                              3.168 × 10^22^     2.203 × 10^22^     9.413 × 10^22^
  *d*                              --1.258 × 10^20^   --1.331 × 10^20^   --1.556 × 10^20^
  **Calculation Result**                                                 
  *E*~B~ (numerical method, meV)   49.6820            46.9572            40.1671

Conclusions {#sec3}
===========

In conclusion, to solve the shortcomings in the method given by Wang et al., we present a new technique for DOS~T~ distribution extraction based on the TRCE experiment. Based on the strict derivation, we prove that when the TRCE result is linear, the extracted DOS~T~ distribution is exponential type and vice versa. Compared to the TRCE method given by Wang et al., the method reported in this paper is more accurate and reliable. Compared to the SCLC method, our method is much simpler and requires less computation.

Experimental Section {#sec4}
====================

Time-resolved charge extraction is an effective experimental technique for exploring the DOS~T~ distribution based on the chemical capacitance model.^[@ref42]^ The details of the TRCE setup can be found in refs ([@ref42]) and ([@ref43]). Here, we introduce the mechanism of TRCE measurement. Under the illumination of pulse, the device under the open-circuit condition produces a photovoltage. Due to the carrier recombination, the photovoltage decays. At a specified timing, when the solar cell was switched into the short circuit, the charge extraction was started at the corresponding photovoltage. From the TRCE experiment, we get the plot of the amount of extracted charge versus the photovoltage.^[@ref42]−[@ref45]^ According to the definition of chemical capacitance *C*~μ~ = d*Q*/d*V*~ph~,^[@ref42]^ we obtain the plot of the chemical capacitance versus the photovoltage (TRCE result).^[@ref42]−[@ref45]^ We use this result to extract the DOS~T~ distribution.^[@ref42]−[@ref45]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02800](https://pubs.acs.org/doi/10.1021/acsomega.0c02800?goto=supporting-info).Proof details of the inverse theorem ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02800/suppl_file/ao0c02800_si_001.pdf))
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